The outdoor air temperature is not constant especially in spring in Columbus, Ohio (U.S.A). The average night temperature ranges from -2 to 20 o C which is too low for the germination of most seeds. A good knowledge of the future outdoor air temperature is necessary to decide if greenhouse heating is needed for the next day. Using measured temperatures from the preceding days and considering the minimum and maximum temperatures given by the weather forecast, it was possible to accurately compute the temperature for the next day. Green pepper seeds were used in this study. A solar system was used to heat the air inside a greenhouse at night using an air-water-air heat exchanger and make a comparison with an unheated greenhouse. The performance of the solar collector and methods of heat exchange were tested. It was shown that the solar energy collected was sufficient for warming a nursery greenhouse overnight. The system operated with a hot water flow rate of 0.52 L/min and an air flow rate of 8.53 m 3 /min and could maintain the greenhouse temperature between 16 and 20 o C. The quantity of heat collected and delivered by the solar system from incident solar radiation was about 50% in a day. Heating the air inside the greenhouse at night produced 100% germination for all seedlings. In comparison, in the unheated greenhouse the germination ratio was 80% and germination ratio outside the greenhouses was 60%.
INTRODUCTION
Under normal conditions the ambient air temperature reaches a minimum value at sunrise, then rises to a maximum value several hours after solar noon. The rise in air temperature depends primarily on the incoming solar radiation but is modified by the capacitance of the earth's surface which heats and cools more slowly than the air (Troeger and Butler 1979) . To provide the hot air for warming a greenhouse at night, a good knowledge of ambient air temperature for at least 24 h is required to decide if heating will be needed for the next evening. A model for predicting ambient air temperature was developed based on the hourly weather data observed daily at Okayama City. The advantage of using an air temperature model to control heating in comparison with using a controller based on measuring the temperature inside a greenhouse is a controller depends on a feedback system, but the model depends on feed forward which can be very important in critical situations. For example, some vegetables are very sensitive to low temperatures and when using a controller, the system will start heating at fixed low temperature automatically without any consideration of how much energy is needed for heating. When using the model, heating will also start at low temperature but if this temperature is very low and heating load (by solar system) is not enough for germination, an auxiliary heater may be used to overcome the energy needed. Another advantage of using an air temperature model is to simulate the heating system any Ume and also that it is simple and does not need time to reach a suitable heating temperature inside the greenhouse. Utilizing natural energy (such as solar energy) was considered for heating greenhouses. The solar energy must be collected and stored to be used either for drying (Umeda and Mohri, 1988) or heating. Therefore the solar system consists of a solar collector, hot water storage tank and air-water-air heat exchanger. The hot air delivered by this system is used for heating a seedling greenhouse. Solar radiation was simulated and used over a year to predict the variation of ambient air temperature (Elbatawi et al., 1997) . In Columbus, greenhouses are subjected to large diurnal fluctuations in temperature, particularly in spring, when crops are germinated. Farmers use electric or kerosene heaters for warming seedling greenhouses to minimize the risk of poor germination (Sato, 1994) . However, warming greenhouses is very expensive if an electric heater is used. For these reasons, the aims of the research are: (1) To develop and test a temperature prediction model to decide if heating is needed for the next day. (2) To enhance germination rates for some vegetables using solar heated water with beat exchanger to provide hot air for warming the greenhouse, and (3) To decrease the variable costs.
The objective of this study was to store the energy gained from the sun by the solar system during the day and promote germination of vegetable seeds by using the storage solar energy for the greenhouse warming during the night using a model to predict outdoor temperature. System performance can be defined in the following terms, energy available, useful energy collected and transformed, heat losses from collector and heat exchanger as well as system efficiencies (Studman, 1979) . Green pepper seeds were selected as test plants because germination of its seeds is very sensitive to temperature.
MATERIALS AND METHODS
Outdoor Temperature: The ambient air temperature was measured hourly. Weather forecasts give the minimum temperature of the coming night and the maximum temperature of the following day. The exact times when these two temperatures occur are not known. Troeger and Butler,1979 determined the coefficients of an ambient air temperature model using least square regression techniques for hourly data at Tifton, Georgia, USA. The following equation was obtained: T r = 0.04086 + 5.5453X r -26.994X r2 + 0.76087T r-l -0.07094T r-2 -0.01424T r-3 where: T r is dimensionless temperature ratio defined by: T r = (T -T min ) / (T max -T min ) X r is dimensionless theoretical ratio of hourly to daily direct beam radiation defined by: X r = (π/24) (cos h -cos H) / (sin H -H x cos H) T is ambient temperature ( o C). T max is maximum daily temperature ( o C). T min is minimum daily temperature ( o C). T r-1 , T r-2 , T r-3 are temperature ratios for 1, 2 and 3 preceding hours respectively; h is hour angle (radians). H is daily hour angle (the angular displacement of the sun east or west of the local meridian due to rotation of the earth noon to sunset; radians). Proposed Experimental System: The proposed solar collector and greenhouse system is shown in Figure 1 . The area of the solar collector is 6.0 m 2 , and the storage tank capacity is 0.3 m 3 . The heated greenhouse (greenhouse A) for the promotion of germination of vegetable seeds using the solar heat was prepared and compared with the non-heated greenhouse (greenhouse B). The hot water is delivered from a storage tank into a heat exchanger by the pressure head. The heat exchanger, which is a radiator from a car, has an area of 600 by 450 mm and was connected by a duct to a fan which blows the ambient air through the heat exchanger where its temperature is increased. The fan is 450 mm diameter, and connected to the heated greenhouse by a duct. The volume of greenhouses A and B are 3.0 by 2.5 by 1.8 m 3 each, the heated greenhouse is placed near the unheated greenhouse. The solar collector was set with a tilt angle of 33" 26' according to Chronological Scientific Tables, 1992 of Columbus City. A data-logger and personal computer were used for recording air temperatures, solar radiation and humidity on a floppy disk every two minutes for almost three years. Dry and wet bulb temperatures, water temperatures of the solar collector and storage tank, and air temperatures inside the greenhouses were measured by the thermocouples. Solar radiation was measured by a solarimeter. Various energy fluxes in and out of the solar system were calculated and integrated over a day. Green pepper seeds, pumpkin, were used for the germination test. The germination of this vegetable seeds is very sensitive to temperature. 
RESULTS AND DISCUSSIONS
Prediction Model: It was clear that predicted equation by Elbatawi, I., 1998 was better adapted to air temperature representation for the climate at Okayama City (Japan) and can be used also at Columbus with the consideration of constants. Analysis of the weather data shows that the daily variation of ambient air temperature must be considered throughout the year. The equation was used to decide the exact time when greenhouse A required heating during the next night. The prediction model can be used anywhere but it must be adapted to the particular climate of each place (Watson and Beattie, 1996) . The accuracy of the model is significantly decreased if the minimum and maximum temperatures given by the weather forecast are erroneous.
Performance of Solar Collector:
The solar system with the heat exchanger was working at an air flow rate of 11.2 m 3 /min and a water flow rate of 12.1 L/min to deliver hot air at more than 30 o C. In contrast, for heating the greenhouse, the system was working with 0.52 L/min water flow rate and 8.53 m 3 /min air flow rate which provided a temperature between 16 and 20 o C. Solar radiation was measured by a solarimeter every two min from sunrise until sunset. Some days had little solar radiation because of bad weather. Usually the weather at Okayama City is good enough during the day but at night it is too cold for vegetable seeds planted outside to germinate. The efficiency η of the solar collector was calculated from almost three years of solar collector performance data. The relationship between the normalized temperature rise (T water -T air ) / I and η is calculated where: T water is average water temperature in the solar collector. T air is outside air temperature. I is average solar radiation every 2 min. This efficiency is the short-term efficiency measured every two min. Therefore, maximum efficiency reached 80% when the differences between the water temperature in the solar collector and outside air temperature were small, and the solar radiation was high. This occurred at the start of collection of solar energy on a fine day. As the solar radiation increased, the value (T water -T air ) / I decreased so the efficiency increased. On the other hand, the efficiency decreases as (T water -T air ) / I increases. The maximum solar radiation on some days was more than 0.64 kW/m 2 . The sum of Q c delivered by the solar system as a daily average of the efficiencies. About 50% of the sum of Q i was transformed to the stored heat. The relationship between the sum of Q i and the sum of Q c could be expressed by a single regression equation.
Performance of Heat Exchanger:
The heat exchanger was connected with the fan by a duct. The fan was operated at different rotational speeds shown in Table 1 . The heat exchange between the hot water and hot air passing the heat exchanger was affected by hot water flow rate, ambient air temperature and hot water temperature. The change of temperature increased, hot air temperature increased and hot water temperature decreased with increase of hot water flow rate. Table 1 shows that at 400 rpm (low speed), the air flow rate was 8.5 m 3 /min which can deliver hot air at 17.21 o C with 0.51 L/min water flow rate. At 900 rpm (high speed), the air flow rate was 30.76 m 3 /min, water flow rate 10.95 L/min and delivery of hot air at 32.94 o C which is not recommended as an optimum temperature for seedling germination. Furthermore, at low air flow rate the system can work for almost six hours heating at night but at high air flow rate the system can work for less than 20 minutes because of the limitation of stored hot water. Germination: According to vegetable production scientists (lb Libner, 1989), the optimum temperatures for the germination of seeds of pumpkin, tomato and eggplant range from 15.5 to 35 0 C. The average temperatures at night during this experiment in Columbus ranged from -2 to 20 o C which was not enough for seed germination. The temperatures during germination were controlled in greenhouse A only. During the day there was no problem with low temperatures. The methods of seeding and irrigation were the same for greenhouses A and B, and seeds planted outside. The results of green pepper germination and inside temperatures in greenhouses A and B are shown in Figure 2 . In the heated greenhouse, germination started 4 days after seeding and the germination ratio reached 100% 8 days after seeding. In the non-heated greenhouse, germination started 9 days after seeding and it was a day in which the inside temperature of the greenhouse did not fall below 150C at night. That means, the seed germination is affected by the heating temperature inside the greenhouse. The germination ratio reached 80% after 15 days from seeding. For outside seeding, germination started 12 days after seeding, and the germination ratio reached 60% at 17 days after seeding. Clearly the germination of vegetable seeds was very sensitive to the surrounding temperatures. If solar energy is collected and stored by the solar system, it can be used in agriculture for various purposes. We found that utilizing solar heat energy is an effective way to heat a greenhouse to improve germination in vegetable seedlings. Economic Analysis: A plastic greenhouse with polyethylene film over a pipe frame is cheaper compared with a glasshouse (Sato, 1994) . They are now all over Japan and are used to grow vegetables and raise seedlings. In this study, if the daily savings for a heating season are considered, the amount of energy consumption was 225.4 MJ. In the case of electrical auxiliary source, this is equivalent to 60.9 kW. h or $4.49 per season at the local electricity rate of $0.08/kW.h. However, for farmers, who heat by electric heaters every day without any consideration of whether heating is needed or not, the amount of electricity consumption for a 500 W heater is 4.0 kW.h /day. The germination duration as shown in Figures 2, is almost a month. Thus the total energy consumption in a heating season is 120 kW. h or $8.75 per season.
Fixed costs per year are almost the same in both cases (this study and farmers)$64.5/year for this study and $71/year for the farmers. However, the system is more cost efficient than conventional methods.
CONCLUSIONS
A prediction model for air temperature was used to determine whether heating was required the next day for the germination of green pepper seeds inside a greenhouse at night. The short-term solar collector efficiency reached more than 80% but the long-term average was almost 50%. The latter was taken as the solar system efficiency. The solar system with a heat exchanger worked with an air flow rate of 11.2 m 3 /min and a water flow rate of 12.1 L/min to deliver hot air at more than 30 o C. For heating the greenhouse, the system worked at 0.52 L/min water flow rate and 8.53 m 3 /min air flow rate to provide temperatures between 16 and 20 o C. The germination ratio in a greenhouse heated at night was 100% for all seedlings. In contrast it was 80 and 60% inside the non-heated greenhouse and outside germination respectively. The accuracy of the model is significantly decreased if the minimum and maximum temperatures given by the weather forecast are erroneous. Germination dates for May Germination ratio (%)
